Addition of nerve growth factor (NGF) to PC12 cells promotes neuronal dierentiation while inhibiting cell proliferation. In order to understand how NGF exerts its antimitogenic eect during dierentiation, we have studied the mechanism by which this factor activates the promoter of the CDK inhibitor p21
Introduction
Study of the action of nerve growth factor (NGF), the ®rst characterized member of the neurotrophin family, has been facilitated by the establishment of the neural crest-derived PC12 pheochromocytoma cell line (Greene and Tischler, 1976) . NGF addition to PC12 cultures promotes neuronal dierentiation while inhibiting cell proliferation via growth arrest in the G1 phase of the cell cycle (Rudkin et al., 1989; van Grunsven et al., 1996a, b) . Progression through the cell cycle is dependent on the activity of cyclin/cyclindependent kinase (CDK) complexes. This progression can be blocked by the CDK inhibitors, which associate with CDK or cyclin/CDK complexes to inhibit their activity. This class of molecules is involved in cell cycle arrest mediated by numerous antimitogenic signals (Sherr, 1996) . Induction of one of these inhibitors, p21
, occurs in several in vitro dierentiation systems, as well as in dierentiating tissues in vivo, suggesting that it could play an important role in dierentiation-associated withdrawal from the cell cycle (Jiang et al., 1994; Missero et al., 1995; Parker et al., 1995; Halevy et al., 1995) . Indeed, p21
WAF1/CIP1 appears to be implicated in the NGF-growth inhibitory signalling pathway (Yan and Zi, 1995; van Grunsven et al., 1996a; Billon et al., 1996) . p21 is up-regulated during the NGF-mediated G1 phase block of the cell cycle in PC12 cells (van Grunsven et al., 1996a; Billon et al., 1996; Yan and Zi, 1995) . The increase in p21 expression upon neuronal dierentiation is mediated, in part, through transcriptional activation of the p21 promoter by NGF. As in dierentiating keratinocytes (Missero et al., 1995) , this activation involves the transcriptional co-activator p300 (Billon et al., 1996) . p300 and its highly homologous CREB-Binding Protein (CBP) are large nuclear phosphoproteins which could modulate transcription by favouring communication between sequence-speci®c transcription factors and components of the basal transcriptional machinery. Indeed, p300/ CBP have been shown to interact functionally with a number of transcriptional activators including CREB (Chrivia et al., 1993; Arany et al., 1994; Kwok et al., 1994) , bHLH factors Puri et al., 1997) , pp90 RSK Xing et al., 1996) , nuclear receptors (Chakravarti et al., 1996; Torchia et al., 1997) , STAT proteins (Bhattacharia et al., 1996; Zhang et al., 1996) , AP-1 (Arias et al., 1994; Bannister and Kouzarides, 1995) , p67 SRF (Ramirez et al., 1997) , NFkB (Perkins et al., 1997 , p53 (Lill et al., 1997 Avantaggiati et al., 1997) , as well as general transcription factors (Janknecht and Hunter, 1996) . In addition, p300/CBP possesses histone acetylase activity either intrinsic or via associated proteins such as P/ CAF and the recently identi®ed ACTR (Bannister and Kouzarides, 1996; Ogryzko et al., 1996; Yang et al., 1996; Chen et al., 1997) . Finally, p300/CBP could play a pivotal role in the control of cell growth and dierentiation by integrating transcriptional responses from diverse signal transduction pathways (Lee et al., 1996; Horvai et al., 1997; Avantaggiati et al., 1997; Kurokawa et al., 1998) .
Analysis of the p21 promoter has shown that the sequences essential for NGF-speci®c induction lie within a 50 bp region containing several binding sites for the Sp1 transcription factor. It has been suggested that NGF could stimulate p21 transcription bỳ activating' Sp1, although the mechanism by which this would occur remains to be determined (Yan and Zi, 1997) . Growing evidence suggests that the Sp family of transcription factors could be involved in the transcriptional regulation of p21 in response to dierent antimitogenic signals. Indeed, Sp1 has been implicated in the induction of p21 upon treatment of the HaCaT cell line with TGFb (Datto et al., 1995) . Sp1 also appears to activate the p21 promoter upon phorbol myristate acetate or okadaic acid-induced monocytic dierentiation (Biggs et al., 1996) . Finally, Sp3 is directly involved in the transcriptional activation of p21 in dierentiating mouse keratinocytes (Prowse et al., 1997) .
Sp1, Sp2, Sp3 and Sp4 form a family of GC boxbinding transcription factors with similar structural features. These proteins contain a highly conserved zinc ®nger DNA binding domain in their C-terminal part, as well as two glutamine and serine/threoninerich regions in their amino-terminal part (for review, see Courey and Tjian, 1992) . These two regions, named domains A and B, were found to be the most potent transcriptional activation domains of Sp1 (Courey and Tjian, 1992; Kadonaga et al., 1988) . While Sp1 and Sp4 have been described as activators of transcription, the role of Sp3 in the stimulation or repression of transcription is not clear (Hagen et al., 1995; Kennett et al., 1997; Dennig et al., 1997; Majello et al., 1997) . Furthermore, little is known about the regulation of Sp1-related factors. Sp1 has been shown to be the substrate for a double-stranded DNA-dependent protein kinase (Jackson et al., 1990) . In addition, Sp1 is phosphorylated in T lymphocytes stimulated with okadaic acid (Vlach et al., 1995) and in vitro by the cAMP-dependent protein kinase (PKA) (Rohl et al., 1997) . Finally, phosphorylation of Sp1 occurs during terminal dierentiation in the rat liver and may involve casein kinase II (Legget et al., 1995; Armstrong et al., 1997) . However, the eect of these phosphorylations on the activity of Sp1 remains to be clari®ed.
In order to analyse the pathway through which NGF activates p21 expression and thus exerts its antimitogenic eect during neuronal dierentiation, we have performed a detailed mutational analysis of the NGF-responsive region of the p21 promoter. The minimal region of the p21 promoter required for NGF-induction was mapped to a GC-rich stretch of 10 bp that overlaps with the TGFb responsive element previously identi®ed in HaCaT cells (Datto et al., 1995) and is bound by Sp1 and Sp3. NGF treatment results in the accumulation of p300 in complexes associated with the NGF-responsive element, and enhances Sp1 and Sp3-dependent transactivation in a Gal4 fusion assay. Furthermore, p300 stimulates the transcriptional activity of both Sp1 and Sp3 in this assay. Finally, interaction of Sp1 and p300 is observed in PC12 cells, suggesting that these factors could cooperate to activate the p21 promoter during NGF-induced neuronal differentiation.
Results
Identi®cation of the p21 promoter sequence responsible for the transcriptional activation by NGF To identify the mechanisms responsible for the transcriptional activation of p21 by NGF, PC12 cells were transiently transfected with a series of p21 promoter mutants linked to a luciferase reporter gene (Datto et al., 1995) . Transfected cells were stimulated to dierentiate for 48 h and NGF-induced luciferase activity was measured. As reported previously, the fulllength 2.4 kb promoter construct, P21P, was consistently activated by NGF (Figure 1 , and Billon et al., 1996) . We have observed that the region of the p21 promoter between bp 7111 and 762 is essential for NGF-responsiveness, in agreement with results of Yan and Zi (1997) (not shown). A construct harbouring the promoter sequences between bp 793 and the transcriptional start site, p93s, was induced by NGF to a similar extent as the full-length construct (Figure 1) . Thus, the region necessary for the transcriptional activation of p21 by NGF is located between bp 793 and 762 of the p21 promoter.
To more precisely de®ne the NGF-responsive element, promoter constructs containing ten consecutive mutated bases in the region from bp 793 to 734 have been used (Figure 1 ). This region is GC-rich and contains several conserved Sp1 binding sites as well as a TGF-b responsive element (TbRE). When the panel of mutants were assayed, Mut 1, Mut 3, Mut 4 and Mut 6 retained the ability to be induced by NGF to a level similar to that of the wild-type promoter construct p93s (Figure 1 ). In contrast, induction by NGF was signi®cantly reduced in the Mut 2 construct, mutated between bp 783 and 774, suggesting that this promoter region is essential for the transcriptional activation of p21 by NGF. Mutations in the region [753/744] , that contains the fully conserved TATA box (Mut 5 construct), also caused a slight decrease in the response to NGF. This reduction is less pronounced than the one observed when mutating the [783/774] region, on which further studies were performed.
Two constructs, presenting point mutations in the p21 promoter region [783/774] , were assayed for induction by NGF. The Mut 2.2 construct is mutated from CC to GA at bp 779 and 778, and the Mut 2.3 construct is mutated from TC to GG at bp 777 and 776 (Figure 1 ). Whereas the Mut 2.3 construct showed an induction by NGF similar to that of the Mut 2 construct, the Mut 2.2 construct had completely lost the ability to be induced by NGF. These results suggest that bp 779 and 778 are essential to mediate transcriptional activation of p21 by NGF during neuronal dierentiation of PC12 cells. The residual induction of the Mut 2 construct with regard to the Mut 2.2 construct may be explained by the creation of potential transcriptional activation sequences in the ten consecutive mutated bases of Mut 2. Taken together, these results indicate that an essential element for NGF-mediated activation of the p21 promoter is harboured in the region [783/774] , and that the bp 779 and 778 may be important for the binding of factors which drive this transcriptional activation.
Sp1 and Sp3 bind to the NGF-responsive region in the p21 promoter Electrophoretic mobility shift assays (EMSA) were performed with oligonucleotides corresponding to the wild-type [783/774] region of the p21 promoter (WT) or to the two point-mutated forms of this region (Mut 2.2 and Mut 2.3). Three major DNA-protein complexes were formed on the wild-type probe using nuclear extracts prepared from exponentially-growing PC12 cells (Figure 2a , lane 1). These complexes were sequence-speci®c since they could be competed away by an excess of unlabelled homologous WT oligonucleotide, but not by an excess of unlabelled mutated sequences Mut 2.2 or Mut 2.3 ( Figure 2a ). Furthermore, no speci®c complexes were observed when Mut 2.2 and Mut 2.3 sequences were labelled and used as probes for EMSA studies (Figure 2b , lanes 3 to 6). Thus, the presence of complexes on the WT probe correlates with the ability of the p21 promoter to be activated by NGF. No signi®cant change in the intensity of the bands could be observed using nuclear extracts from NGF-treated versus exponentially-growing PC12 cells (Figure 2c , lanes 3 ± 6 versus lane 1). Thus, activation of the p21 promoter by NGF does not appear to be mediated by a change in the association of nuclear factors to the [783/774] region.
The region of the p21 promoter essential for NGF induction contains a site that is very similar to the consensus DNA-binding sequence for the Sp1 family of transcription factors ( Figure 1 ). To investigate whether Sp1-related factors were bound to this region, gel shift assays were performed in the presence of speci®c anti-Sp1 or anti-Sp3 antibodies ( Figure 3d ). Sp1 antiserum caused the complex 1 to be supershifted, using nuclear extracts obtained from PC12 cells under conditions of exponential growth or dierentiation ( Figure 2d , lanes 3 and 4). Furthermore, complexes 2 and 3 were supershifted by preincubation with anti-Sp3 antibody ( Figure 2d , lanes 5 and 6). Sp1 is therefore only present in complex 1 and Sp3 in complexes 2 and 3. Simultaneous addition of both antibodies con®rms these observations (not shown). Thus, the [783/774] region of the p21 promoter, essential for the induction of p21 by NGF, can bind Sp1 or Sp3 in both NGFtreated and exponentially-growing PC12 cells.
It has been previously shown that induction of the p21 gene by NGF was dependent on the transcriptional co-activator p300 (Billon et al., 1996) . To investigate whether this could be correlated with the presence of p300 in complexes associated with the [783/774] region of the p21 promoter, EMSA studies were performed using anti-p300 antibodies. As shown in Figure 2d , lanes 7 and 8, preincubation of nuclear extracts from either NGF-treated or exponentiallygrowing PC12 cells with an antiserum directed against p300 did not cause any complex to supershift. As reported previously, this phenomenon may be due to epitope masking . Alternatively, p300 may not be present in the complexes evidenced using this technique. p300 is present in complexes associated with the NGF-responsive region of the p21 promoter
To con®rm the interaction of Sp1 and Sp3 with the [783/774] region of the p21 promoter and to clarify the eventual presence of p300 in the complexes associated with this region, DNA anity precipitation Figure 1 Mutation analysis of the p21 promoter. The P21P construct corresponds to the full-length p21 promoter (2.4 kb) linked to the luciferase reporter gene. The p93s promoter reporter construct contains 93-base pair upstream of the transcriptional initiation site. Mutants 1 ± 6 are identical to the wild-type p93S sequence with the exception of the ten consecutive mutated bases shown for each mutant. Mut 2.2 has a mutation of bases 779 and 778 from CC to GA in the wild-type p93s sequence. Mut 2.3 has a mutation of bases 777 and 776 from TC to GG in the wild-type p93-s sequence. PC12 cells were transfected with 7 mg of each reporter construct as described in the Materials and method section. NGF-induced luciferase activity was measured and expressed as the average+s.e.m. of ®ve independent experiments 2') have been used. After incubation of these oligonucleotides with extracts from exponentially-growing PC12 cells or PC12 cells treated with NGF, DNA-protein complexes were recovered with streptavidin-agarose beads and analysed by Western blotting. When this experiment was performed with the wild-type oligonucleotide, the presence of Sp1, Sp3 and p300 was clearly detected in the precipitated complexes (Figure 3a , lines 1 and 2). This could re¯ect the fact that the proteins are binding to the DNA individually, or as complexes. Moreover, dierent isoforms of Sp1 (95 kDa and 105 kDa) and Sp3 (78 kDa, 80 kDa and protein doublet of 110 kDa) were found to be present in the precipitated complexes. In contrast, the presence of precipitated Sp1, Sp3 and p300 were barely detectable when the same experiment was performed with the mutated form of the oligonucleotide (Figure 3a, lanes 3 and 4) . Thus, the presence of Sp1, Sp3 and p300 in complexes associated with the NGF-responsive motif of the p21 promoter is correlated with the ability of p21 to be activated by NGF.
Interestingly, NGF treatment resulted in an increase of the quantity of p300 in complexes precipitated by the [783/774] oligonucleotide (Figure 3a , top panel, lines 1 and 2). This phenomenon was accompanied by a gradual increase in the total amount of p300 protein during the ®rst 24 h of treatment (Figure 3b ). This suggests that the transcriptional activation of p21 upon neuronal dierentiation may be mediated by an accumulation of p300 in complexes associated with the NGF-responsive motif of the p21 promoter.
Finally, it is probable that the EMSA studies presented above did not allow the detection of the DNA-protein complexes containing p300 that were identi®ed using the DAPA technique.
NGF and p300 stimulate Sp1 and Sp3-dependent activation of transcription in PC12 cells
To investigate the eect of NGF on Sp1, Sp3 and p300-mediated transactivation, we used chimeric proteins in which the DNA binding domain of Gal4 has been fused to portions of the transactivation domain of these transcription factors. The eect of NGF on the transcriptional activity of these chimeric proteins was evaluated after co-transfection with a construct encoding a Gal4-dependent luciferase reporter gene in PC12 cells (Figure 4 ). Sp1 and Sp3 were found to contain multiple independent activation regions, the N-terminal glutamine and serine/threonine-rich boxes A and B being the most potent of these domains. As shown in Figure 4a , NGF treatment enhanced the transcriptional activation of the reporter construct by Gal4 fusions containing either the glutamine-rich region of domain A (Sp1AQ), or the domain B (Sp1B) of Sp1. NGF also increased transcriptional activation by Gal4 fusions containing either the entire N-terminal activation region of Sp3 (Sp3N), or only the B domain (Sp3B) (Figure 4b ). In addition, a major increase in the transcriptional activity of both Sp1 and Sp3 fusion proteins was observed when p300 was ectopically expressed in this assay (Figure 4a and b) . Thus, p300 is able to act as a co-activator for Sp1 and Sp3-mediated activation of transcription in PC12 cells. 
In the absence of NGF, the N-terminal p300-Gal4 fusion was able to activate transcription from the Gal4-dependent reporter gene in PC12 cells, while the C-terminal and the central portions of p300 did not activate this transcription (Figure 4c ). However, only the transcriptional activity driven by the C-terminal part of p300 was strongly enhanced by NGF (®vefold increase, Figure 4c ). It would appear, therefore, that the C-terminal region of p300 confers NGF-dependent activation of transcription. Figure 4 Transactivation assays. PC12 cells were transfected with 1 mg of a Gal4-dependent luciferase reporter construct along with 3 mg of various expression constructs of fusion proteins containing the DNA binding domain of Gal4 and portions of Sp1, Sp3 or p300 (as described in the Materials and methods section). The potential cooperation with p300 was evaluated by cotransfection with 3 mg of a CMVb-p300 expression construct, as indicated. Transfected cells were treated or not with NGF, as indicated, and luciferase activity was measured. The results are expressed as the average+s.e.m. of four independent experiments Induction of p21 by NGF is mediated by Sp1 and p300 N Billon et al
Sp1 and p300 are present in complexes in PC12 cells
The results presented herein suggest that Sp factors and p300 could cooperate in the activation of the p21 promoter upon NGF-induced neuronal dierentiation. To investigate the possibility of a physical interaction between p300 and Sp1 or Sp3, co-immunoprecipitation assays were performed on exponentially-growing PC12 cells or PC12 cells treated with NGF. Complexes containing p300 and Sp1 were detected by immunoprecipitation using antibodies directed towards one or the other protein ( Figure 5, lanes 1 ± 4) . However, the level of p300 found in Sp1 immunoprecipitates was very low in comparison to the total amount of p300, suggesting that only a small portion of total p300 is engaged in complexes with Sp1. The same was true for Sp1. In contrast to Sp1, no Sp3 could be detected in PC12 cell extracts immunoprecipitated with antibodies to p300 (data not shown).
The eect of the human adenovirus E1A protein on the Sp1/p300 interaction was investigated using PC12 cells constitutively expressing the E1A-dCR2 mutant protein, which can speci®cally bind to endogenous p300 (dCR2 cell line). These cells show a dramatic inhibition of NGF-mediated cell cycle arrest, neuronal dierentiation and induction of the p21 promoter (Billon et al., 1996) . Both p300 and Sp1 can be detected in dCR2 cell extracts immunoprecipitated with an anti-E1A antibody ( Figure 5 , lanes 5 and 6). Thus, E1A does not appear to prevent the formation of complexes including p300 and Sp1.
Discussion
Transcriptional activation of the CDK inhibitor p21 by NGF has previously been shown to involve the transcriptional co-activator p300 (Billon et al., 1996) . In the present study, we have investigated the mechanism through which NGF induces the p21 promoter during neuronal dierentiation of PC12 cells. The minimal region of the p21 promoter required for NGF-induction has been mapped and shown to speci®cally bind the transcription factors Sp1 and Sp3. The addition of NGF resulted in an accumulation of p300 in complexes associated with the p21 promoter and a stimulation of the transcriptional activity of Sp1, Sp3 and p300. Furthermore, p300 strongly potentiated Sp factor-mediated transcriptional activation in PC12 cells. Finally, p300 and Sp1 were shown to interact in PC12 cell extracts, suggesting that these transcription factors could cooperate in activating p21 transcription during NGF-induced withdrawal of neuronal precursors from the cell cycle. A working model summarizing these results is presented in Figure 6 .
Cooperation of p300 and Sp1 in cell cycle arrest during dierentiation
Regulation of Sp1-related factors could be part of a common mechanism to induce the expression of CDK inhibitors and thus inhibit cell growth during differentiation. Supporting this idea, the promoter of the CDK inhibitor p15
INK4 is activated through an Sp1 consensus site by TGFb in HaCaT cells (Li et al., 1995) . Furthermore, Sp1 sites have been implicated in the transcriptional activation of p21 by several antimitogenic agents, including phorbol esters, okadaic acid (Biggs et al., 1996) , TGFb (Datto et al., 1995) , extracellular calcium (Prowse et al., 1997) and NGF (Yan and Zi, 1997; this study) . In addition, Gal4 fusion assays, using either the entire transactivation domain of Sp1 or key portions thereof, have revealed that NGF treatment can result in stimulation of Sp1-dependent transcription in PC12 cells (Yan and Zi, 1997) . In accordance with the results of Yan and Zi (1997) , this phenomenon does not appear to involve an increase in the association of Sp1 with its recognition sequence, as evidenced by the EMSA and DAPA studies performed on the NGF-responsive element of the p21 promoter. Post-translational modi®cations or association with other factors are thus more likely to play a role in the modulation of Sp1 activity by NGF. Figure 5 Interaction of Sp1 with p300 in PC12 and dCR2 cells. Nuclear extracts from exponentially-growing PC12 or dCR2 cells (7), or the same cells treated for 18 h with NGF (+) were immunoprecipitated with antibodies directed against p300 (NM11), Sp1 (1C6) or E1A, as indicated. Immunoprecipitated lysates were resolved by SDS ± PAGE, transferred to nitrocellulose membranes and subjected to Western blotting using ap300 (NM11) or a-Sp1 (2351) antibodies, as indicated Figure 6 Model for the induction of the p21 promoter during NGF-mediated neuronal dierentiation of PC12 cells. (1) In the absence of NGF, Sp1 but not p300 can be found associated with the NGF-responsive element of the p21 promoter. p21 transcription can be observed at a basal level. (2) Upon NGF treatment, p300 is recruited within Sp1 complexes present on the NGF-responsive element of the p21 promoter. p300 acts as a coactivator for Sp1 by potentiating its transcriptional activity, resulting in enhanced expression of the p21 gene during neuronal dierentiation of PC12 cells
In an eort to understand the regulation of Sp1 activity, Gal4 fusion assays were performed. Such assays allow the detection of the transcriptional activity of a given factor, independently from its DNA-binding domain. Co-transfection analysis has revealed that p300 could act as a transcriptional co-activator for Sp1 by strongly potentiating its transcriptional activity in PC12 cells. Thus, the association of p300 with Sp1 could be a determining event for the stimulation of its activity. In contrast, others have observed that Sp1 activity appears to be insensitive to p300 in 3T3 cells (Sartorelli et al., 1997; Korzus et al., 1998) . This apparent discrepancy may be due to the dierence in cell types as well as to the type of assay used.
Previous work suggested that p300 could play a central role in both NGF-mediated induction of p21 and growth arrest during neuronal dierentiation (Billon et al., 1996) . In the present study, both Sp1 and p300 were observed to be present in complexes associated with the NGF-responsive element of the p21 promoter. p300 was accumulated in these complexes during neuronal dierentiation of PC12 cells, correlating with the activation of the p21 promoter. Thus, recruitment of p300 within Sp1 complexes present on the NGF-responsive element of the p21 promoter could be a plausible mechanism by which NGF activates p21 transcription. Further studies will be required to ascertain whether the interaction between p300 and Sp1 is direct or undirect, and how NGF modulates this complex. Nevertheless, the present study suggests that Sp transcription factors and p300 cooperate in the induction of the CDK inhibitor p21 and the cell cycle arrest upon NGF-induced differentiation.
Analysis of the literature indicates that this cooperation may be a common transcriptional regulatory mechanism during dierentiation processes involving an antimitogenic response. Indeed, p300 has been reported to be important for p21 promoter induction during terminal dierentiation of mouse keratinocytes (Missero et al., 1995) . The region of the p21 promoter responsible for this eect has been mapped and shown to associated with Sp1 and Sp3. Finally, Sp3 appears to be directly involved in p21 promoter induction during keratinocytes dierentiation (Prowse et al., 1997) . Thus, in keratinocytes as well as in PC12 cells, p300 may potentiate Sp factor-mediated transcriptional activation of the p21 promoter, contributing to cell cycle arrest during dierentiation. In agreement with this idea, a recent study indicates that formation of complexes between the progesterone receptor, CBP/p300 and Sp1, could be implicated in progesterone-dependent activation of the p21 promoter when certain component are ectopically expressed in Hela cells (Owen et al., 1998) . In this case, the authors propose that the progesterone receptor may serve as a bridge between Sp1 and p300. These data, together with the ®ndings that p300 cooperates with the myogenic factor myoD to induce p21 transcription and to provoke exit from the cell cycle during muscle dierentiation, support a general role for p300 in the process of cessation of growth upon dierentiation Puri et al., 1997; Korzus et al., 1998) .
The viral protein E1A-dCR2, which interacts speci®cally with p300, prevents several NGF responses when expressed in PC12 cells, including induction of the p21 promoter (Billon et al., 1996) . The present studies indicate that E1A-dCR2 does not prevent the formation of complexes containing p300 and Sp1. Thus, the inhibitory eect of E1A-dCR2 on the activation of the p21 promoter by NGF is not due to disruption of these complexes.
Regulation of the formation of complexes containing p300 and Sp1 on the p21 promoter
The DAPA experiments performed in this study have revealed that although Sp1 is constitutively present in complexes associated with the NGF-responsive element of the p21 promoter, p300 is speci®cally accumulated in these complexes upon NGF treatment. However, the immunoprecipitation studies have shown that complexes containing p300 and Sp1 were present in both exponentially-growing and NGF-treated PC12 cells. Thus, activation of the p21 transcription by NGF does not appear to be mediated by the simple association of p300 with Sp1. Rather, it could be mediated by the recruitment of complexes containing Sp1 and p300 on the p21 promoter. This recruitment could involve dierent mechanisms: post-translational modi®cation of p300 or Sp1, association of either protein with factors that modulate this recruitment, and/or increase in the overall abundance of p300. These three possibilities are discussed in the following paragraphs.
Two Sp1-related proteins of 95 kDa and 105 kDa have been found associated with the NGF-responsive element of the p21 promoter in the DAPA studies. These two isoforms have been shown to correspond to unphosphorylated versus phosphorylated forms of Sp1, respectively (Jackson et al., 1990) . Regulation of the phosphorylation state of Sp1 could therefore oer a potential means of activating transcription from the p21 promoter by favouring the recruitment of complexes containing p300. This possibility is not supported by the present study, since no profound dierence in the overall phosphorylation state of Sp1 was reproducibly observed subsequent to NGF treatment. However, it is conceivable that exposure of PC12 cells to NGF could result in the phosphorylation of novel sites within Sp1, not detectable using the present analytical approach, that would modify its anity for complexes containing p300.
Sp3 has been reported to repress Sp1-mediated transcriptional activation, suggesting that it may be an inhibitory member of the Sp family of regulators (Majello et al., 1994; Hagen et al., 1995) . However, the recent ®nding that Sp1 and Sp3 encode multiple proteins that dier in their capacity to stimulate or repress transcription, suggests that transcriptional control by the Sp family members is much more complex (Persengiev et al., 1995; Kennett et al., 1997; Dennig et al., 1997) . Two Sp3-related proteins of 78 kDa and 80 kDa, arising via internal translational initiation within Sp3 mRNA, have been described (Kennett et al., 1997) . These two isoforms inhibit Spmediated transcription in vivo, while the initially described 110 kDa isoform behaves as a transcriptional activator (Majello et al., 1994) . In the present study, we observed that all three isoforms of Sp3 are present in PC12 cells and speci®cally associate with the NGF-responsive region of the p21 promoter in both NGF-treated and exponentially-growing PC12 cells. Furthermore, Gal4-Sp3 fusion proteins were able to activate transcription in PC12 cells. However, Sp3 has not been evidenced in complexes obtained by immunoprecipitation using antibodies towards p300. This could be due to masking of the region to which Sp3 might bind on p300 or to the fact that these proteins do not interact. Further studies will be required to evaluate an eventual role of Sp3 in NGFmediated regulation of Sp1 activity and to dissect the precise roles of the individual components present in the complexes associated with the NGF-responsive region.
Since NGF addition results in a progressive accumulation of p300 during the ®rst 24 h of treatment, the regulation of the amount of p300 could be sucient to account for the eect of NGF. However, ectopic expression of p300 in PC12 cells appears to have no eect on stimulation of the p21 promoter (Billon et al., 1996) . It is therefore unlikely that the simple accumulation of p300 in PC12 cells is responsible for Sp1-mediated transcriptional activation of the p21 promoter. The Gal4 fusion assays, using speci®c portions of p300, indicated that NGF treatment of PC12 cells resulted in stimulation of the transcriptional activity driven by the C-terminal part of p300. This region has been implicated in the binding of numerous factors, including the MAPK-activated kinase pp90
RSK Xing et al., 1996) . Addition of NGF to PC12 cells activates a Rasdependent MAP kinase transduction pathway that appears to contribute to the process of neuronal dierentiation as well as to cell cycle arrest (Traverse et al., 1992; Marshall, 1995; Simpson et al., 1991) . Moreover, NGF-induced p21 promoter activation appears to depend on a functional Ras protein (N Billon, LA van Grunsven, BB Rudkin, unpublished observations) . Thus, the stimulation of p300 transcriptional activity by NGF may be medaited by Rasdependent MAPK pathway, possibly involving pp90 RSK . Precisely how the reported association of p300 with pp90 RSK or other factors regulates the recruitment of p300 into Sp1 complexes present on the NGF-responsive element of the p21 promoter remains to be determined.
Materials and methods

Cell culture
PC12 cells (obtained from Dr G Guro; National Institutes of Health, USA) were grown as previously described (van Grunsven et al., 1996a) . NGF from mouse submaxillary glands was purchased from Quality Controlled Biologicals (USA) and used at a concentration of 50 ng/ml. For transfection experiments and NGF treatment, cells were grown on tissue culture plates coated with 0.25 mg/ml collagen and 0.01 mg/ml poly-L-lysine (Sigma, France) as previously described (Rudkin et al., 1989) .
Plasmids and transient transfections
The p21 promoter reporter constructs used in this study have been extensively described (Datto et al., 1995) . The Gal4-dependent reporter construct contains ®ve Gal4 DNA binding sites concatomerised into the Pg12 TATA+INR reporter vector (Datto et al., 1995) . The Gal4 fusion constructs have been previously described (Murata et al., 1994) . Brie¯y, the Gal4-Sp1 constructs were created by fusing the sequence encoding amino acids 138 ± 232 (Sp1AQ) or 262 ± 487 (Sp1B) of Sp1, to the sequence encoding amino acids 1 ± 147 of the Gal4 DNA binding domain. The Gal4-Sp3 constructs resulted from the fusion of the sequence encoding amino acids 1 ± 554 (Sp3N) or 183 ± 554 (Sp3B) of Sp3 to the sequence encoding the Gal4 DNA binding domain. The Gal4-p300 fusion constructs have been previously described (Lee et al., 1996) . p300 expression construct (CMVb-p300) was a gift of Dr R Eckner . PC12 cells were transfected as previously described (Billon et al., 1996) . Luciferase activities were normalized based on protein concentrations, and expressed as fold induction by NGF' by comparing the luciferase activity in NGF-treated cells and non-treated cells.
Preparation on nuclear extracts and electrophoretic mobility shift assays Preparation of nuclear extract from either proliferating or NGF-dierentiated PC12 cells was carried out as previously described (Montagne et al., 1990) . Complementary oligonucleotides corresponding to bases 771 through 786 in the wild-type p21 promoter and the mutant promoter constructs Mut 2.2 and Mut 2.3 were synthetised, annealed, and puri®ed on polyacrylamide gels (71 ± 86 wt, GGTCCCGCCT-CCTTGA and TCAAGGAGGCGGGACC; 71 ± 86 mut 2.2, GGTCCCGGATCCTTGA and TCAAGGATCCGGGACC; 71 ± 86 mut 2.3 GGTCCCGCCGGCTTGA and TCAAGCC-GGCGGGACC). 300 ng of these double-stranded DNA probes were end-labelled with 50 mCi of g 32 P-ATP using T4 polynucleotide kinase and puri®ed on a G25-Sepharose column. For the binding reactions, approximately 0.1 pmol of radiolabelled probe was incubated with 3 mg of nuclear extracts in a buer containing 10 mM HEPES pH 7.9, 10% glycerol, 60 mM KCl, 0.25 mM EDTA, 2 mM MgCl 2 , 10 mM ZnCl 2 , 1 mM DTT and 1 mM Pefabloc (Pierce). After an incubation of 30 min at 48C, the reactions were loaded on 4% polyacrylamide gels (29 : 1 acrylamide/bisacrylamide) in low ionic strength TBE buer. Competition and supershift experiments were performed by adding unlabelled oligonucleotides or antibodies 10 min prior to the addition of the radiolabelled probe.
DNA anity precipitation assay (DAPA)
The 71 ± 86 WT and 71 ± 86 Mut 2.2. oligonucleotides, described above, were biotinylated at their 5'-termini (GENSET SA), annealed and puri®ed on polyacrylamide gels. The DAPA was performed in a total volume of 400 ml by mixing 4 mg of biotinylated DNA probe with 50 mg of nuclear extracts or 400 mg of total cellular extracts in buer D (20 mM HEPES pH 7.9, 10% glycerol, 50 mM KCl, 0.2 mM EDTA, 1.5 mM MgCl 2 , 10 mM ZnCl 2 , 1 mM DTT, 1 mM Pefabloc and 0.25% Triton X100). The mix was incubated for 45 min on ice and 50 ml of streptavidin-agarose beads (Promega) equilibrated in buer D were added. After a 2 h incubation with agitation, the agarose beads were collected by brief centrifugation and washed twice in buer D. Proteins were uncoupled from the DNA probe by addition of 26 SDS ± PAGE loading buer and heating at 968C for 5 min. After centrifugation of the agarose beads, the supernatant was loaded on an SDS-protein gel and Western analysis was performed as previously described (van Grunsven et al., 1996a) .
Immunoprecipitation
Immunoprecipitations were performed as follows: 250 mg of nuclear extract were incubated for 2 ± 4 h at 48C with antip300, anti-Sp1 or anti-E1A antibodies, then another 2 ± 4 h with Protein G-Sepharose (Sigma, France). Immunoprecipitates were washed twice with immunoprecipitation buer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1.5 mM EGTA, 1 mM DTT, 10 mM ZnCl 2 , 1.5 mM MgCl 2 ) before Western analysis.
Antisera
Anti-p300 mouse monoclonal antibody RW128 was generously provided by Dr R Eckner (Data-Farber Cancer Institute, Boston, MA, USA); Anti-p300 mouse monoclonal antibody NM11 was from Pharmingen, USA; Mouse monoclonal IgG1 antibody to Sp1 (1C6) and anity-purified Rabbit polyclonal antibody to Sp3 (D-20) were from Santa Cruz Biotechnology, Inc., USA; Rabbit polyclonal antibody to Sp1 (2351) was generously provided by Dr J Horowitz (Duke University Medical Center, Durham, NC, USA); Mouse monoclonal antibody to E1A was from Pharmingen, USA.
